The goal of this review is to describe recent advances in metal catalyzed reactions and organocatalysis leading to -monofluoro-, , -gem-difluoro-or trifluoromethyl phosphonate derivatives with a particular emphasis on introducing chiral centers in these compounds.
INTRODUCTION
Incorporation of fluorine atom into organic molecules often induces a remarkable effect upon their physical, chemical and biological properties [1] . For this reason, the applications of fluorinated molecules as enzymes inhibitors had gained considerable attention. Therefore, fluorine substituents are frequently designed as steric and stereoelectronic parallels to a hydrogen or hydroxyl group within a molecule (due to similar van der Waals radii of fluorine, hydrogen and oxygen: 1.47 Å, 1.20 Å, and 1.52 Å, respectively). However, such a modification has a significant electronic impact on electron distribution within molecule, since fluorine is the most electronegative element (Pauling scale: F: 4.0, H: 2.1, O: 3.5). This feature is affecting dipole-dipole interactions and strengthening the hydrogen bonds between fluorinecontaining inhibitors and target enzymes [1] . This effect is especially apparent in a group of -monofluoroalkylphosphonates and , -difluoroalkylphosphonates, frequently designed as nonhydrolysable, isopolar-isosteric surrogates of naturally occurring phosphates where C-O-P bridge has been replaced by C-CF 2 -P or C-CHF-P linkages [2] . Especially the , -difluoromethylenephosphonates have been the subject of numerous studies concerning potential application in numerous enzymes [3] , due to the electronic and steric impacts mimicking an enzyme-substrate interactions (the similar angle C-CF 2 -P ~ 116.5° to C-O-P ~ 118.7° in aminophosphonic acid derivatives) [2b] . However, the acidity of monofluoromethylenephosphonic acids (pK a ~ 6.2) are the closest to parent phosphates (pK a ~ 6.45) and have been studied as substrate analogs in inhibitions of several enzymes as well [2, 4] . On the other hand, a bulky liphophilic CF 3 group (at least as bulky as i-Pr or i-Bu groups [5] ) is frequently used to mimic the side chain of various amino acids involved in ligands interactions or in enzyme inhibitors (e.g., valine, phenylalanine) [1c] . It has been also observed in modification of the agonist/antagonist character of the ligands when the binding activity remains unchanged [6] . Furthermore, the hydrophobic character of the trifluoromethyl *Address correspondence to this author at the Adam Mickiewicz University, Faculty of Chemistry, Umultowska 89b, 61-614 Pozna , Poland; Tel: +48 666040466; Fax: +48 618291505; E-mail: magdrapp@amu.edu.pl group prefers complementarity with the lipophilic pockets of the proteins [7] . Moreover, trifluoromethyl group can replace the carbonyl group (C=O) of peptides and generate a stable, nonbasic amine that maintains excellent hydrogen bonding, as has been used in the design of protease inhibitors (cathepsin K) [8] and other enzymes [9] . Noteworthy, the enzymes during inhibition can discriminate chiral compounds, especially those having a stereogenic center containing a fluorine, due to different disposition of a C-F bond in an enzymatic binding pocket [2a, 2c, 3d, 4f ]. This provides a fascinating and challenging route toward catalytic enantioselective synthesis of fluorinated phosphonates as new drugs. Until recently there have been only few reviews concerning synthesis of fluorinated phosphonates and aminophosphonates derivatives [10] .
The goal of this review is to describe recent advances and achievements, particularly the contributions of the last decade, in metal catalyzed reactions and organocatalysis leading to -monofluoro-, , -gem-difluoro-or trifluoromethyl phosphonate derivatives. In this mini-review the literature is covered through the end of November 2014. Non-catalytic diastereoselective reactions and functionalization of fluorinecontaining compounds are beyond the scope of the present review.
I. -MONOFLUOROALKYLPHOSPHONATES
The development of convenient methods to introduce fluorine into organic compounds has attracted much attention during the last decades. The applications of catalysts in synthesis of -monofluoroalkylphosphonate derivatives are associated mainly with enantioselective electrophilic fluorination of phosphonate carbanions or metal-catalyzed radical addition such as phosphonofluorination. However, further transformations of already prepared fluorine-containing compounds and kinetic resolution of racemic mixtures leading to optically pure substances of significant biological importance, will also be highlighted.
The first successful catalytic enantioselective fluorination of -ketophosphonates was reported by Sodeoka and coworkers [12] . The authors have focused their attention on preparation of optically pure -monofluorinated -ketophosphonates using chiral cationic palladium (II)-diphosphine complexes with noncoordinating counteranions. In this case the catalysts such as BINAP a-c and SEGPHOS d-e as monomeric bisaqua-1 and dimeric with hydroxobridges 2 [13] (Fig. 1) were applied.
The reactions were performed in EtOH and Nfluorobenzenesulfonimide [NFSI, (PhSO 2 ) 2 NF] [14] as fluorine source has been used (Scheme 1).
While for cyclic -ketophosphonates 3a-c the best catalyst was 1c (loading 5 mol%, X = OTf -), in case of 3d (1 mol%) reactions proceeded mainly at room temperature, leading to 4a-d in high yields (82 97%) and excellent enantiomeric purity (94 96% ee). The fluorinations of acyclic substrates 3e-f with the most effective catalyst 1d (10 mol%, X = OTf -) gave 4e-f with moderate yields 38-57% at 40 °C for 48h but still with excellent enantioselectivity (94-95% ee). Sodeoka and co-workers have proposed catalytic cycle involving the formation of stable chiral palladium enolates A from respective -ketophosphonates and complex molecule (Scheme 1). Next, the fluorinating reagent NFSI approached from less hindered Re face of enolate (due to steric repulsion of two etoxy phosphonate group with the aryl group on phosphine) yields -monofluorinated products 4a-f [15] . The determination of absolute stereochemistry as (S) was based on X-ray structure analysis of (-)-camphorsultam derivatives of 4d. Independently Kim et al. reported the enantioselective fluorination of -ketophosphonate derivatives [16] catalyzed by adducts of chiral palladium complexes with diphosphine ligands (R)-5a-c and various counteranions X [17] (Fig. 2) . The synthetic strategy was based on electrophilic fluorination with NFSI. The optimized reaction conditions have indicated that in this case the best catalyst was 5c, X = BF 4 and the highest yields of products were obtained in solvents like MeOH, EtOH or THF. The fluorinations of series cyclic 3a-d, 3g-k and acyclic -ketophosphonates 3f, 3l-p gave moderate to excellent yields (50 93%) and excellent enantioselectivity (87 97% ee, Table 1 ). (   Fig. (1) . Palladium catalysts used in fluorination of -ketophosphonates by Sodeoka's group.
(Scheme 1). Palladium-catalyzed asymmetric fluorination of -ketophosphonates.
The efficiency of palladium-catalyzed fluorination reactions have also been tested in ionic liquids [18] . Kim and coworkers have applied chiral catalyst 5a (X = BF 4 [20] (Fig. 3) on fluorinations [21] . 
from racemic -alkyl-and allyl-substituted -ketophosphonates 3a, 3f, 3q-s, the catalytic fluorination reactions proceeded effectively with yields 86-91% and 70-90% ee when NFSI as fluorinating reagent, the ligand 6 and Zn(ClO 4 ) 2 6H 2 O as Lewis acid in the presence of 4Å molecular sieves and refluxing CH 2 Cl 2 (DCM) were applied (Scheme 3).
Only in case of compounds 4a and 4s the best results were obtained at room temperature.
Enantioselective Fluorination Toward gem-

Chlorofluorinated -Ketophosphonates
The first enantioselective synthesis of chiral gemchlorofluoromethylenephosphonates (isosteric to gemdifluoromethylene derivatives) was reported in 2011 by Shibatomi et al. [24] . The one-pot enantioselective gemchlorofluorination of appropriate -ketophosphonates was carried out by applications of chiral Cu(OTf) 2 complex of SPYMOX catalyst 7 [25] which constitutes 2-pyridyl monooxazoline ligand having a spiro-fused axial chiral binaphtyl backbone (Scheme 4).
The desired aromatic -chloro--fluoro--ketophosphonates 8t-y were obtained using NCS and NFSI as chlorine and fluorine sources in the presence of (R)-SPYMOX 7/Cu(OTf) 2 and 4Å MS.
In this case of chlorofluorination of -ketophosphonates has yielded compounds 8t-y with 52 73% with high enantiomeric purity 86 92% ee (Scheme 5).
(Scheme 5). Palladium-catalyzed asymmetric chlorofluorination of -ketophosphonates.
Alternative methodology using air-and moisture-stable chiral palladium complexes 5c (X = OTf) and low catalyst loading as 0.5 mol%, was reported by Kim et al. [26] . Starting from various racemic -aryl-and alkyl-substituted -chloro--ketophosphonates 9t-z, the reactions with chiral Pd(II) complex 5c, DTBMP (2,6-di-t-butyl-4-methylpyridine) and NFSI in protic polar solvents such as MeOH or EtOH gave fluorinated products 8t-z with isolated yields 40 88% (Scheme 6). The addition of DTBMP as Brønsted base accelerated the reactions forming stable chiral palladium enolate B, yielding products 8t-z with high to excellent enantioselectivity (85 95% ee). Only in the case of substrates 9y-z the higher loadings of catalyst 5c such as 1 mol% and 3 mol% respectively, were necessary to improve yields and ee values.
Enantioselective Fluorination of -Cyanophosphonates
As an interesting extension of enantioselective catalytic fluorination reactions the preparation of -fluoro--cyanophosphonates frequently used as versatile synthetic intermediates was emerged. Thus, Kim and co-workers re-(Scheme 3). Asymmetric fluorination of -substituted -ketophosphonates using chiral Ph-DBFOX ligand.
(Scheme 4). Copper(II) complex of SPYMOX used in catalytic asymmetric chlorofluorination of -ketophosphonates.
ported efficient synthesis of optically pure -monofluorinated derivatives 11 of -cyanophosphonates 10, using chiral cationic palladium (II)-diphosphine complexes 5c X = OTf (2.5 mol%) [27] . While NFSI as fluorine source, and TBMP as external base (in EtOH, rt) have been applied, compounds 11a-d were synthesized with high yields 73 98% and enantiomeric purity 80 91% ee (Scheme 7).
On the other hand, Sodeoka and coworkers announced the analogous enantioselective fluorination of 10a-d with application of catalysts derived from BINAP and SEGPHOS ligands 1,2 (2.5 mol%), using as fluorinating agent NFSI (in EtOH at 20 °C) [28] . In this case addition of 2,6-lutidine have accelerated the reactions to give finally 11a-d with yields 92-98% and optical purity 24-78% ee (Scheme 7). As an explanation of observed reaction selectivity catalyzed by monodentate species of catalyst 5 or 1, the coordination of catalyst metal with lone pair of nitrogen derived from cyano group (C) was suggested [28] . In the case of bidentate species of catalyst 2, this coordination took place both through the carbon-nitrogen -bond and the lone pair of oxygen from phosphonate moiety (D, Scheme 7) [11b].
METAL CATALYZED RADICAL PHOSPHONO-FLUORINATION
The concomitant introduction of a fluorine atom and a phosphonyl moiety into one molecule gave an elegant possibility to obtain -fluorinated phosphonates 12. Recently the first example of phosphonofluorination of unactivated alkenes was reported by Zhang et al. [29] . These catalytic reactions are based on condensation of alkene 13 with diethyl phosphite and Selectfluor ® in aqueous media under catalysis with AgNO 3 (Scheme 8).
These reactions gave products 12a-o with good stereoselectivity and yields in the range 44%-93%.
(Scheme 8). Catalytic phosphonofluorination of unactivated alkenes.
(Scheme 6). Palladium-catalyzed asymmetric fluorination of -chloro--ketophosphonates.
(Scheme 7). Palladium-catalyzed asymmetric fluorination of -cyanophosphonates.
Authors proposed mechanism involving the addition of phosphonyl radicals, generated initially by silver-catalyzed oxidation, to alkene double bond, with subsequent silverassisted fluorine atom transfer to the just formed nucleophilic alkyl radicals. The reaction proceeded in acidic media enhancing the stability of the proposed Ag(III)F and/or Ag(II)F intermediates. Additionally, the scope and limitations of the above phosphonofluorination of unactivated mono-, disubstituted terminal alkenes and trisubstituted internal alkenes leading to 12a-h, 12i-n and 12o were presented. Since the wide range of functional groups (including alcohol, protected amine, alkyl chloride, ether, sulfonate, ester, amide, ketone, and nitrile) are well tolerated during radical phosphonofluorination, this reaction might give access to a broad spectrum of substrates for their further transformations leading to biologically active compounds.
ASYMMETRIC TRANSFORMATIONS OF -FLUORINATED -KETOPHOSPHONATES
Asymmetric Allylic Alkylation
Recently, highly efficient regio-, diastereo-and enantioselective Pd-catalyzed asymmetric allylic alkylation (AAA) reaction of monofluorophosphonoacetate 14 with monosubstituted allylic substrates 15 has been reported [30] .
Authors have tested different palladium catalyst derived from the chiral SIOCPhox ligands 16 L1-L6 (Fig. 4) [31] in the presence of various bases (for example DABCO, DBU, LDA) and in different solvents (DME, MeCN, DCM). Finally, optimized conditions (S c , R phos , R a ) 16-L 3 (5 mol%), [Pd(C 3 H 5 )Cl] 2 (2.5 mol%) and Cs 2 CO 3 as a base in hexane allowed to get suitable diastereomeric allylated -fluorophosphonates (Scheme 9). As the products branchedaryl -fluorophosphonate derivatives of unsaturated pentanoates 17(b) a-g with two stereogenic centers were obtained in good to high yields 69-85%, with high dr (mainly > 20:1) and enantioselectivity >90% ee. In this case the diastereoselectivity was excellent for all allyl substrates with either electron-donating or electronwithdrawing substituents on the phenyl ring but the regioselectivity was sensitive to the substituent on the aryl group of carbonates 15.
Kinetic Resolution
As an example of synthesis of fluorinated phosphonates of significant biological importance could serve preparation of fluoro-substituted lysophosphatidic acid (LPA, 1-or 2-acyl-sn-glycerol 3-phosphate) precursors 18 [4f] . LPA elicits a variety of biological effects which include stimulation of (Scheme 9). Palladium-catalyzed allylic alkilation of -fluoro-phosphonoacetates.
(Scheme 10). Hydrolytic kinetic resolution of , -epoxy -fluoroalkylphosphonates. Diastereoselective synthesis of sn -1-O-acyl -2-Sfluoromethylene LPA analogue has been accomplished using HKR technique on racemic epoxide 20 (Scheme 10). Thus reaction of 20 with (R,R)-Salen-Co(Ac) 19 (1 mol%) in a minimum volume of THF and with 0.45 equiv of water gave diol (S)-18 with 73% yield and 90% ee. Similarly, the opposite configuration of diol (R)-18 has been obtained by employing chiral (S,S)-Salen-Co(Ac) complex 19 (isolated yield of (R)-18 90% and 89% ee). The search for more stable analogues of LPAs acid has led to the synthesis of gemdifluorinated analogues of 18, obtained by the similar approach (using Salen 19 catalyst) [34] . Monofluorophosphonates were also prepared in the catalytic organometallic way generally used for difluoromethylphosphonates [10a] .
II. gem-DIFLUOROMETHYLPHOSPHONATES
Difluoroalkylphosphonates may be prepared similarly to monofluorinated counterparts by the electrophilic or nucleophilic fluorination of substrates, direct synthesis from trivalent phosphorus derivatives and fluorohaloalkanes or by radical approaches [1c, 10a,b]. Nevertheless, the transition metal catalyzed addition reactions appear to be one of the most common and useful tools in the , -difluoroalkylphosphonates synthesis [10a].
PALLADIUM CATALYZED REACTION LEADING TO gem-DIFLUOROPHOSPHONATES
Recently Feng et al. published convenient preparation of aryldifluoromethylphosphonates with an application of palladium-catalyzed difluoroalkylation [35] . The procedure presented in (Scheme 11) shows convenient way to obtain substituted aryl difluoromethylated phosphonates 22b-e; 22i,k-m with good yields. While compounds 22b-c were obtained with a loading of [PdCl 2 (PPh 3 ) 2 ] as 5 mol%, better yields in the case of compounds 22g; 22i-j and 22l-m gave the use of 10 mol% [PdCl 2 (PPh 3 ) 2 ], 20 mol% of Xantphos 24 and 3Å molecular sieves addition. Moreover in case of 22d higher yields were obtained when 7.5 mol% of [PdCl 2 (PPh 3 ) 2 ] and 15 mol% Xantphos 24 were applied. High reaction efficiency was also observed with electron deficient substituents. However, in case of substrates 21f-g and 21j the addition of 3Å molecular sieves was necessary. The alternative reaction between phenyl boronic acid 21a and -trimethylsilyldifluoromethylphosphonate 25 instead of 23 was not as efficient and gave compound 22a with only 53% yield. Additionally, the catalyzed reaction of other derivatives such as 1-naphthalen-1-yl-boronic acid with 23 gave also desired compounds 22 (protected protein phosphatase inhibitor) [3i-j] in 70% yield respectively. Preliminary mechanistic studies revealed that a single electron transfer (SET) pathway may be involved in the catalytic cycle. This methodology has been extended toward synthesis of gem-difluoromethylene esters ArCF 2 CO 2 Et and amides ArCF 2 CONR 1 R 2 derivatives.
COPPER CATALYZED REACTION TOWARD gem-DIFLUOROPHOSPHONATES
Copper catalyzed cross-coupling reactions are convenient and attractive approaches for preparation of , -difluoroalkylphosphonates derivatives. For example, (Scheme 11). Palladium-catalyzed synthesis of substituted aryl gem-difluoromethylphosphonates.
Shibuya and co-workers demonstrated a simple method to obtain novel , -difluorophosphonate functionalized cyclopropylalkanols [36] applied as inhibitor of purine nucleoside phosphorylases. The substrates were synthesized by applying the cross-coupling reaction of the zinc reagent withiodoalkenoates or -iodoalkenones according to literature procedures; however non-catalytic amount of Cu source was required [37] . Due to potent applications as protein tyrosine phosphatase (PTP) inhibitors [38], aryldifluorophosphonates derivatives have become extremely popular. Qing and coworkers reported Cu-mediated oxidative difluoromethylenation of aryl boronic acids 21 with -silyldifluoromethylphosphonates 25 [39] yielding compounds 22a-t. This procedure gave the best results when copper(I) thiophene-2-carboxylate CuTc 26 (1 equivalent) as copper complex, 1,10-phenanthroline phen 27 (1 equivalent) as ligand, in the presence of 4 Å molecule sieves and with an addition of Ag 2 CO 3 (1.5 equivalent) as an oxidant and pyridine as a base were used (Scheme 12).
The electronic properties of the substituents in 21 had a significant influence on the reaction yields. In case of (Scheme 12). Catalytic synthesis of aryl gem-difluoromethylphosphonates using copper(I) promoted coupling reactions.
(Scheme 13). Synthesis of aryl gem-difluoromethylphosphonates using diethoxyphosphinyldifluoromethylcadmium reagent. compounds with strongly electron-withdrawing groups such as -NO 2 , -CO 2 Et and -COCH 3 , as well as strongly electrondonating group such as -OMe, the yields were lower than with less electron-rich or electron-deficient substrates. The reaction with other derivative such as naphthalen-2-yl-boronic acid gave also desired compounds with high yield 79%. Alternative protocol yielding , -difluoro benzylic phosphonate derivatives 22 was proposed by Burton and Qiu [40] . However, this methodology based on the coupling of diethoxyphosphinyldifluoromethylcadmium reagent 28 derived from 23 and toxic cadmium, with respective aryl iodides 29 in the presence of stoichiometric amount of CuCl in DMF at room temperature was carried out. In the (Scheme 13) the chosen examples are presented in order to compare with the palladium and copper catalyzed reactions leading to difluoromethylenephosphonates 22.
This copper (I) chloride promoted coupling reactions work efficiently with halo-substituted aryl iodides as well as with other electron withdrawing substituents. However, according to literature the catalytic amount of CuX decomposes (EtO) 2 P(O)CF 2 ZnX to give the bisphosphonates [41] . On the other hand, other decomposition products such as (EtO) 2 P(O)F and (EtO) 2 P(O)CF 2 CF 2 Cu or minors (EtO) 2 P(O)CF 2 H and (EtO) 2 P(O)CF=CFP(O)(OEt) 2 were detected in reaction mixtures [40] .
Other copper-catalyzed methodology was reported by Zhang et al. [42] . Starting from methyl iodobenzoates 30 the gem-difluoromethylphosphonates 31a-g have been obtained, as the results of cross-coupling reaction of iodobenzoates with organozinc derivatives of bromodifluoromethylphosphonates 23 in the presence of catalytic amounts of CuI, in dioxane and at 60 0 C (Scheme 14). The high reactions efficiency and operational simplicity permitted to obtain a variety of benzoates 31a-g, in good to excellent yield.
In this case the position of substituents in 2-iodo benzoate 30a-g played an essential role of facilitating oxidative addition by copper chelating and directing delivery of the organo copper complex. While dioxane as solvent has been chosen, the addition of 1,10-phenanthroline 27 as organo-copper ligand avoided the decomposition of complex. Among variety of copper compounds (CuI, CuBr, CuCl, CuCl 2 , Cu(OAc) 2 ) copper(I) iodide was the best catalyst for studied reactions. At the same time the use of 2-iodo-Nphenylbenzamide and 2-iodonaphthoate derivatives as substrates, gave yields 53% and 87% respectively (reaction time 48h). Summarizing, among all methods of mono-and difluoroalkylphosphonates synthesis catalyzed reactions appear to be one of the most developing part of modern organic chemistry. This statement is adequate for trifluoromethylphosphonates as well.
III. TRIFLUOROMETHYLPHOSPHONATES
Methods for the incorporation of CF 3 group into organic compounds are divided [1c, 43] into nucleophilic (e.g. Ruppert-Prakash reagent) [44] , electrophilic (Togni's reagent, Umemoto's reagent) [45] , radical [46] , metal-catalyzed trifluoromethylation [47] and formation of C-C bonds from trifluoromethyl compounds. This part of the review is limited to summarize catalytic methods of synthesis CF 3 -phosphonates with a particular emphasis on asymmetric synthesis of these compounds.
METAL-CATALYZED DIRECT NUCLEOPHILIC TRIFLUOROMETHYLATION
Recently the direct trifluoromethylations [11f], especially transition-metal-mediated or -catalyzed fluoroalkyl crosscoupling [48] , are the most promising and efficient route to access a wide range of CF 3 -containing molecules. Most of these procedures are limited to the formation of C-CF 3 bonds. However, Cu-catalyzed oxidative trifluoromethylation using Ruppert-Prakash reagent (CF 3 SiMe 3 ) was used for incorporation of CF 3 group into phosphorus compound with formation of P-CF 3 bond, in the presence of Cu(II) catalyst and phenantroline [43, 49] or catalytic amounts of cesium fluoride [50] .
METAL-CATALYZED ADDITION OF PHOSPHO-ROUS COMPOUNDS TO CF 3 -CONTAINING IMINES OR CARBONYL COMPOUNDS
One of the most efficient methods of synthesis ofaminophosphonates is nucleophilic addition of dialkyl phosphites to imines using Lewis acids as catalysts. Generally this is a two steps reaction. In the first step imine is generated by condensation of amine with carbonyl group, and then the imine reacted with dialkyl phosphite. This procedure has still some limitations, such as the use of solvents, expensive and toxic catalyst, and extended reaction time. Moreover, in many cases imines are hygroscopic and not enough stable for isolation. These disadvantages were overcome by one-pot protocol under mild solvent-free conditions [51] .
Anilines 32 substituted with CF 3 group in meta position reacted smoothly with derivatives of benzaldehyde 33a-d and diethylphosphite 34 in the presence of ZrOCl 2 *8H 2 O, providing good yield of the products 35a-d (Scheme 15). Moreover, ZrOCl 2 *8H 2 O is a highly water-tolerant, easy-tohandle, inexpensive compound with low toxicity. These conditions were examined for other substrates, functionalized in aromatic ring of amine. An analogous method leading to 2,3-disubstituted-1,2-dihydroisoquinolin-1-ylphosphonates via copper-catalyzed reactions was also described [52] . This Kabachnik-Fields reaction of 2-alkynyl benzaldehyde 36, with various amines and diethyl phosphites 34 was catalyzed by copper(I) iodide. A range of copper salts were tested and gave reasonably good results towards desired product. Authors examined a numerous of 2-alkynyl benzaldehyde derivatives and amines, among them m-trifluoroaniline 32 was used, and gave the corresponding product 37 in 91% yield (Scheme 16).
On the other hand, hydrophosphonylation of CF 3 -substituted conjugated ketones or -hydroxyketones in the presence of Lewis acid such as Ti(Oi-Pr) 4 , using diethyl phosphites 34, and applied under solvent-free conditions gave CF 3 -containing -hydroxyphosphonates [53] . Noteworthy, mild acidity of Ti(Oi-Pr) 4 made it an effective catalyst even for ketones with acid-sensitive groups. Recently, synthesis of novel N-aryl malemide with -hydroxyphosphonate moieties, applying catalyzed addition of P(OEt) 3 38 to aldehyde 39 C=O bond was reported [54] . Authors began their research from screening a broad range of solvents, catalysts and reaction conditions. The most efficient results have been obtained when reactions were performed in water (reflux) in the presence of NH 4 VO 3 (5 mol%). For all substrates (with different substituents in aromatic ring) reactions afforded an excellent yield of the products, including the trifluoromethylated derivative 40 (Scheme 17).
(Scheme 14). Copper-catalyzed synthesis of substituted aryl gem-difluoromethylphosphonates.
All the synthesized compounds were tested for antimicrobial activities, against two pathogenic bacteria and four pathogenic fungi, exhibited moderate to good activity towards Gram-positive and Gram-negative bacteria as well as all of the fungal species.
ORGANOCATALYSIS OF THE CARBON-CARBON BONDS FORMATION FROM TRIFLUOROMETHYL COMPOUNDS
Organocatalyzed Addition of Alkyl Phosphites to CF 3 -ketones
Catalytic enantioselective hydrophosphonylation of trifluoromethyl ketones 41 led to the corresponding quaternary -hydroxy trifluoromethylphosphonates 42 [55] . Using various chiral hydrogenated tridentate Schiff base -aluminum (III) complex as the catalysts [56] where ligands were complexed in situ with Et 2 AlCl, the highest enantioselectivity was achieved by applying ligands 43 with bulky ortho group such as adamantanyl, on the phenol moiety and dimethyl phosphite 44 (Scheme 18). The electronic properties of the para-substituent on the aromatic ring 41 or heteroaromatic substituent had no significant effect on the enantioselectivity of the reaction. It is noteworthy that this approach the phospha-Brook rearrangement and related side reactions are completely avoided.
Another way of hydrophosphonylation of trifluoromethylketones 41a, d, e was a reaction with dimethyl phosphite 44 in the presence of 10 mol% NHC catalyst [IPr, e.g. 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene, 45] [57, 58] . Authors screened several NHC catalysts, bases, solvents, catalyst loading in this type of reaction. This reaction usually was carried out using IPr 45 (10 mol%) in DCM at room temperature (Scheme 19). Except for -trifluoroketones 41, also -ketoesters were tested in the same conditions (among them monofluorinated ketoester). Generally, most of the substrates reacted smoothly in good to excellent yield. Only when acetophenone (less electrophilic) has been used instead of trifluoromethyl ketones, no desired product was observed.
Previously the same group investigated the NHCcatalyzed hydrophosphonylation of dimethyl trimethylsilyl phosphite with various aldehydes (e.g. p-trifluoromethylbenzaldehyde). In this reaction they afforded corresponding -hydroxyphosphonates in good to excellent yield [59] .
Organocatalyzed Addition of Alkyl Phosphites to CF 3 -imines
Recently, a new organocatalytic enantioselective addition of alkyl phosphites 44 to cyclic ketoimines 46a using the Soós' bifunctional thiourea catalyst was described [60] . At the beginning authors examined five catalysts (47-51, Fig. 5 ) but only the Soós' (50) [61] and Takemoto's (51) [62] catalysts gave the desired products 52 with decent enantioselectivity (70% ee and 89% ee, respectively, compared with 54% ee, 31% ee and 26% ee for catalysts 47, 48 and 49) and high yields. Consequently authors used catalyst 50 to optimize the reaction conditions by screening solvents influencing enantioselectivity and time of reactions.
Finally authors chose DCM, a mixture of hexane/DCM and CHCl 3 as solvents. A broad range of substrates 46 with different substituent in aromatic ring (EWG, EDG and neutral) as well as structural variations of nucleophilic alkyl phosphites 52 did not show a crucial impact on isolated yields and enantioselectivity (determined by chiral HPLC analysis) of 53 ( Table 2) .
Moreover, the enantioselective hydrophosphonylation of wide range of CF 3 -substituted aldimines 54 with dialkylphosphites 52 catalyzed by chiral phosphoric acid (R)-or (S)-55 (10 mol%), derived from (R)-and (S)-BINOL was reported by Bhadury et al. [63] . For almost all -amino phosphonate products 56 enantiomeric excess was good to excellent except for non-fluorinated aldimines 54 (entries 1, 2) ( Table 3) . Authors explained that trifluoromethyl group enhanced electrophilic reactivity of the imine carbocation due to resonance stabilization through conjugation and the presence of electron withdrawing group (CF 3 ) in the aryl ring attached to the nitrogen atom.
At the same time Hirata and co-workers examined various aldimines in reactions with diisopropyl phosphite 53 (R 3 =i-Pr) in the same conditions but with one (R)-stereoisomer of catalyst 55 [64] . Only one CF 3 -substituted imine 57 was tested, giving the corresponding Fig. (5) . Examples of organocatalysts used in enantioselective addition of alkyl phosphites to cyclic ketoimines. -aminophosphonate 58 in very good yield and enantiomeric excess (Scheme 20). To elucidate the reason for the highest enantioselectivity of (R)-55 towards different aldimines authors studied the effect of phosphorus nucleophile and Nsubstituents of aldimine. DFT calculation explained the effects of the 3,3'-substituents of catalyst 55 by suggestion that the hydrophosphonylation reaction proceeds via the ninemembered zwitterionic transition state (TS) with the chiral phosphoric acid E (Scheme 20) [65] . In the nine-membered zwitterionic E aldimine and phosphite could be activated by the Brønsted acidic site and the Lewis basic site respectively. Zwitterionic E results from placing the bulky substituents of iminium and phosphite in the empty site of the phosphoric acid catalyst. Diisopropyl phosphite 52 (R 3 = i-Pr) proved to be the most reactive and exhibited the highest enantioselectivity among various dialkyl phosphites 52. The examination of N-substituents of aldimine showed that O-hydroxy moiety in aromatic ring decreased enantioselectivity.
ASYMMETRIC TRANSFORMATIONS OF THE TRIFLUOROMETHYLPHOSPHONATES
Among miscellaneous procedures of transformation of trifluoromethylphosphonates [10b] we focus in this review on the catalytic asymmetric reactions leading to optically active products from previously synthesized racemic -, -, or -aminophosphonates.
Organocatalysis of the Asymmetric Trifluoromethylphosphonates
Most of the described methods of asymmetric synthesis of -aminophosphonates were based on asymmetric addition of phosphites to non-phosphorylated imines. A new enantioselective proline-catalyzed reaction of C-phosphorylated imine 59 with carbonyl compound was reported by Rassukana et al. [66] . Both enantiomers of -amino--trifluoromethyl--oxobutylphosphonate 60 were obtained with more than 90% enantiomeric excess using L or Dproline (Scheme 21). The C-phosphorylated imines 59 with a free N-H group are especially promising substrates for this transformation leading directly to N-unprotected aminophosphonates.
Moreover, chemoenzymatic, asymmetric synthesis of chiral -and -trifluoromethylated hydroxyphosphonates from the corresponding chloroacetyl derivatives carried out in the presence of Candida antarctica Lipase B (CALB), immobilized Mucor miehei (IM) [67] or crude C. rugosa lipase (CRL) [68] were also described.
Asymmetric Reduction of the Trifluoromethylated Phosphonates
The first highly enantioselective reduction of 1-imino-2,2,2-trifluoromethylphosphonates 61 was observed using catecholborane (catBH) as reducing agent and methyl oxazaborolidines 62 (OAB) [69] as catalysts [70] . The enantioselectivity of this reaction was found to be dependent on the chiral catalyst loading (5 or 100 mol%) (Scheme 22). Authors explained that due to the high reactivity of imines 61 caused by the electron-withdrawing effect of the phosphoryl and CF 3 groups, a non-catalytic reduction pathway dominated at low catalyst content. Noteworthy, when Me 2 S*BH 3 with chiral OAB 62 was used instead of catBH, reaction proceeded in quantitive yield but in non-enantioselective manner.
(Scheme 20). Catalytic reaction of trifluoromethylated imine with diisopropyl phosphite using chiral phosphoric acid. Complementary studies indicated that the selected starting compounds 61c-f existed in a solution in an equilibrium with adducts of alcohols with imines 63c-f. These adducts were reduced with catBH to corresponding aminophosphonates 64c-f with high yields and moderate to high enantioselectivity even with 5 mol% of catalyst 62 (OAB). This indicated that enantioselectivity was only slightly dependent on substituents bonded to phosphorus. Moreover, authors explained that dissociation of 61c-f/63c-f was a major factor that limited concentration of the reacting imine and therefore a favorable catalyst/imine ratio was kept during the reduction process. Thereby, adducts 63c-f serve as masked source of the corresponding imines 61c-f.
Additionally, other optically active phosphonates were obtained via catalytic asymmetric hydrogenation of the corresponding , -unsaturated phosphonates using Rh(I)/(R,R)-Me-DuPhos complex as the catalyst [71] . Among a wide range of substrates, CF 3 -substituted unsaturated phosphonate underwent hydrogenation in 62% yield and excellent enantioselectivity (92% ee).
CONCLUSION
Considering all methods of synthesis of mono-, di-and trifluorinated alkylphosphonates catalyzed reactions appear to be the most useful. The fast and significant achievement in this field led to important advances that allow the preparation of more complex targets especially in bioorganic and medicinal chemistry. 
